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The lnfluence of Defects on the Short-term 
Breakdown Characteristics and Long-term dc 

Performance of LDPE Insulation 

ABSTRACT 
Extruded polyethylene is used as the bulk insulation for ac IIV cables because nf its high clcc- 
tric resistivity and breakdown strength. Although the inaterial at present has limited use in dc 
power cables, it is used extensively in submarine optical coiniiiunication cable syslcms. This 
paper reports on the study of the short-term characteristics and long-term yerforinauce of low- 
density polyethyleiie (LDIT) insulation under dc electric stress. l’be results are preseuted iii 
which controlled defects as found in practical systems (voids, iiietallic and non-iiwtallic parti- 
cles) were introduced into well characterized polyiiier material so that their influence on elec- 
trical strength and breakdown inechanisins could be deterinined. Samples were compression- 
iiiolded under laboratory conditioos and scibjected to ramp-to-failure a i d  clcctrical aging tests 
at various stresses. Weibull statistics are used to analyae the results. Examination of elec- 
trically aged samples indicates a n  nxidation degradation around the defects due l o  stress eu- 
liancenient. From the failed samples a value of ‘TI, in the inverse power inodcl was estimated. 
The residual life of aged samples also was examined. 

1 INTRODUCTION 
ONSllli l~hlil . l l  clfurt hasbrcn inadc lo improve the electrical pcr- c formanre of solid yolymcric insulalion systems. Tlowevcr, thcrc 

is d l s u  considcrabic evidc isc [l 1 that defects i n  the iiiakrial c m  catisc 
prenialurc elcclrical iailiire. Ccntwlly, thcrc arc four kinds nl dcfccls; 
voids, inclusiuns (metallic and non-mctallic), Iprofrusioiis from scnii- 
conducting layers and inhomogencitics (cryslalline scalc). Hoth clcctri- 
cal and walcr trccs cai i  bc iniliatcd a l  these dcfccls, leading to prema- 
ture failure. 

A number of exyeriincntal invesliji,itioiis [2,3[ have shown that tlic 
liictiinc oi polychylenc (IT) instilaicit cal~lcs can be reduced duc to the 
inclusions. Coppard c f  01. 141 investigated ihc d f c c i  oi irregular alu- 
minim pirticlcs on tlic dicleclsic breakdown of 111; a i d  showed that ac 
clcclric breakdown sti dccrrases rapidly with an  increase in pr l ic le  
conccntration. The rcsulls were cxplaincd based on Llic boiid percob- 
tionmodel dcvclopcd by Duxburp ?I nl. (51. I Iowrvcr, deiccls asc fouiid 
to be singular and randomly dislributcd in tlic matrrial. \%rk carried 
out by Hagcn and lldstad [il, 7) showed that the addilion o l  conducting 
iruii aiid copper particles reduced the sliori tciin ac  breakdown slrcss 
of thc material fsom 107 kV/mm to 70 and 35 kV/mm for sphcrically 
and irregularly shaped prticlcs, rcspcclively. I’or glass particlcs Ihc 
breakdown stress was seduced to 55 kV/mni,  regardless of thc shape 
of the particles. 

I1 is well known that the dielcclric slrcn~;lh of I %  dccreascs willi pro- 

longed cxposnrc lo electric stress. Ilnriiig this aging proccss localized 
clcctric breakdown occurs, resulting in tho formation of microscopic 
channels. It is the growth d Ihcsv i l ia t  evciilually causes ihc insulatiun 
l o  Lii 1x1. Altlwii,$ l l ic opcr‘itiiig str arc well bclnw the incasurcd 
short-tcrm cleclric breakdown slrciig f the polymer, clcckical brcak- 
down occurs i n  service with failure tiincs ranging iroiii hours to years 
191. A signilicant iwinbo of thcsc Ia i l t iws  arc iniliatcd by iiihcrcni dc- 
lrck. Improvcmeiits in  inaiiulacluring kcliniqucs and qualily control 
havt, I cd  to a significant reduction in void s i x  and leocls of containina- 
tion. However, t‘conoiiiic and practical consideratinns incm thal inter- 
nal  deiccls cannol be compldcly climinatcd. On the oilier hand thcrc is 
a gruwin,g ecoiioniic pressur 
by operaling ai  increased sti 
cant iiicmsc ill opesating cleclsic strrsscs atid scrvicc life of cables, the 
influence of dcfeck on the mechanisms responsiblc ior iniliahi! and 
aging nf h e  insulaiion iccds to be undcrstood a n d  defined. 

A coiisidcrablc amount oiwork has bccn cmicri out on [lie influence 
of the defects on the ac pc r fomr ”  of PI:, ycl very iirnikd sludics have 
bccir carried out wider ilc conditions. In this piper, ivc report h c  rest ill^ 
o l  an  invcstigalion ill which a varicly of conlmllcd dcfccls were de- 
liberately inlroduccd into w e l l  chaiaclcrizcd polymer systems, so that 
Ihcir inllii(wc on clcclric strength andbrcakdown iiiccliaiiisin under dc 
voliagc could be delcriniiicd. Ilic clclects inclrtdc niefallic (aluminum 
and bsonzc), non-mclallic (glass beads and amber) and vnids. Samples 

extend the liic ol clcctri 
Icvcls. hi nsdrr lo aclii 
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were comprcssioii-inoldcd uiidrr laboratiiry condilions and snhjccted 
Lo conslant ramp dc voltage mitil failure. \Vcibull sliilistics arc used til 

a~ialyae t l ic results. Life tests h a w  been carried out a t  Ilircc dificrciit 
stress levels with Ihc aim nl dctcrniining both l l ic liic exponent I I  in Ihc 
invcrsc power inudcl 115" ~ ~ k:, and Ihc cficcl of dcfccts on thc liic 01 
the insulathiii. 

Oplical microscopy and Fourier transfolm infrared (I:I [It) ivcrc riscd 
lo examine thc clcclrically agcd samples. Hascd on the resulk from 
both shorl-tcrin brcakilocvn m d  long-term aging, a value nl ii ill lhc 
power modcl was estimated. The residual liic o l  agcd samples w a s  
also examined. 

2 EXPERIMENTATION 

TIC I.l)l'l! used, Unifos IIFIIS 4201, supplicd by Uiiiiiis Kcmi Ai l  
Sweden, has ihe characterislies as given i n  'lible 1. 

Figure 1 .  A schciiiatic diagram ol ~ h c  sainplc, 

'The saniples wcrc nianuincturcd using a pressure molding pro- 
cess. Prior io the molding of the sample Ihc as-rcccivcd granules were 
lprcsscd bctwcen hcatcil plalcs to pruducc plaques o l  - 0.5 nnn Iliick- 

circular blanks ~ , c r c  proilnccd. live bhnks 
(i.e. dic, curvcd electrode and ilat clcclrode), 

licatcd In 150°C under a pressure o l  1611 kN/cm2 a i i d  then quench 
ciiolcd lo romn tcmyciaturc. A scliunalic diagram o i  l l ic  sample is 
shown in 14giire 1. Ihc disc-like samples Iiad a I logim~ki  profile in 
order to minimise cdgc breakdown cifccts. 

For samples wilh ctinducling dciccts, l l ic particles wcre pl.iccd be- 
lwceti two I . m +  blanks aiid tlrc sample rnainiiacturcd using the method 
described above. Tlie dciccts w e i c  Incalcd and their positions rccordod 
aiier sample manulaclurc, sn that Ihc iailurc s iks  a k r  tcsling could 
bc compared with kiiown particle positions. I n  general, thrcc io low 
ynrliclcs wcrc cvenly distributed in the c c i i ~ r a l  region (if each sample. 

l'lie samples contnining glass beads as non-conducting pariiclcs ~ v c r c  
fabricated iit a way similar to those containing condncling par'liclcs. 

'lhr as-received I,I)I'I; grmi lcs  used i n  the present work w a s  kmnd 
lo coiikin yclloivish or browii particles called 'anihcr'. The ani 
nnmtlcd by a malrix o l  PI! wcrc remised from thin films prqi 

ing l l i c  granitlrs liclwceii iwo licatcd glass p l a l ~ s .  Tl icy usually 
wcrc lnuiid to bc irrcgtilarly shaped par'licles and appcarcd very clcar 
wilh distinct cdgm Sclcctcd ambers were then placcd in posilion be- 
twccii two circular b lanks  id I,I)I'I: and samplcs manufwlured iii the 
same " a y  as dcscribcd above. 

I:iir a contrrillcd c,xpcrimciil, voids should be oisphcrical shape and 
nf a pariicnlar size. A numbi!r oi methods to produce voids had  been 
lried i:.$. blowing agents, micro-injcclion oi liqiiids and Ilir t l irrc layer 
metliod, bul were all iound to be unsuccessiul. I lowc\~c~,  smile success 
\vas achieved producing a cqillary w i d .  A thin lnclal i i lamenl wirC 01 
50 or 1nIl /imi under tiiiision \vas placcd acriiss l l ic mold, I DIT granules 
were placcd i n  111c mold and prcssiirc inoldcd at 150°C inlo samplcs. 
IV l icn coii lcd, the \i,irc i v a  withdrawn leaviiy a capillary void in t l ic 
1~111'1: samples. I'he disaduaiitagc will1 Ihis method is lhal a cylindrical 
void is kirmcd railicr than a spherical mic. 'The tliickncss oi thc sample 
was -250 /ini with capillary voids I I ~  50 and 100 / t i n .  

Aluminum electrodes with a diameter o i  1') nnn ivere cvaporaled 
onto ho0i sides o i  tlic satnplcs. 'l'lic short-term d c  clcctric,il breakdown 
icsts were carried nul with tlic samples immcrscd in silicone oil io pre- 
vent flashover. 

conl,iiniiig capillary voids wcrc tested, both ends 
sealed, so tlial I l ic gas insidc the void w a s  i i i a i i i -  
isc ratc I V ~ S  kept coiisl,int at 60 kV/niin. 

'It a d' ilioiially, the iiiversc power law [lO] has bccn used 10 csiiinatc 
thc expccled scrvicc life nf clccirical insulaiiiin. lh i s  empirical rcla- 
liiiiisliip lias 1ict.n shown to bc applicablc i n  limited solid and liquid 
impregnated systems a t  high elcctric strcss levels. llased on this model, 
the 7 1 ,  v a l ~ ~ c  c a n  be dctiwnined lhy carrying out s c \ w a l  tests o l  l l ic time 
lo failure ai  ilificrcnl coustanl slrc~sscs. These accclcratcd aging tests 
can be periormcd iviih high stress lcvcls and the liic nndcr s c r h  col?- 
rlilioiis oblaincd by exlrapolalimi of Ihc results from tlic plot of liig /i' 

. In tlic ac case, the highest slrcss inay bc set just below, the 
c h r g c  (1'1)) inccplion stress In [lie dc case, 1'1) activity 

is raiidoni, mid I$ diificult to dciine. Thcrciorc, a niaxinimn stress o i  
-I /5 rii I l ic  material's short-term brcakdiiwn slrrss was cl insci i  as Ihc 
Iiighcst dress lor Lhc aging tcsls. 'Ilircc volla levcls w 
6 and 3 kV, corrcspmiding to an  average SI 100, 50 aiid 25 kV/mm 
lor control samples; 75,375 and 18.75 k\!/t ius tlic samples con[aiii- 
iiig niclallic inclusions; aiiil40, 21) a i i d  10 kV/mm for [ l ie samples con- 
taining a capillary void. All llic st cs arc  significantly higher than 
the scrvicc stress (-I .(i kV/iinn) employed in repcattrr fiber optical 
Iclcctimmunicaliiii! submarine cable systems. 

In tlic case o l  long-Iwin aging tests, i n  order to achieve the required 
, I l ic  sample thickness difirred sligliily fnim Illat ~isecl  for sliort- 

term breakdowii ~nicasnrcmciits. They wcrc 120 / r m  for contrnl sani- 
ples, 1611 Iim for Ihc samples containing inetallic inclusion and 3011 lrin 
ior the samples conlaining 'I capillary void. Agnin, aliiininmn clcc- 
trodcs were evciporated io bo111 siclcs of the saniplc. 'The samples were 
subjeclcd to the s ~ i c s s ~ s  giwn ~ I J ~ w  and thc limes of iailurc wcrc 
SccI>Sdt.d. 
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3 EXPERIMENTAL RESULTS 
AND DISCUSSION 

CHARACTERISTICS 
3.1 SHORT-TERM 

When assessing the test rcsults for the breakdoivn of polymeric iii- 
sulation, the use of a stahtical method is often rcquired. \Vcibull dis- 
tribution [Ul is nnw widely accepted which is based on the L ic t  that the 
failure nf lhc wholc system dcpcitds on Ihc failure of t l ie weakest p i n t  
in the system. TIIP probability of tlie Iailurc takcs the fnrm of 

where (Y i s  the scalc parainclcr aiid rtrprcscnls the clcctric stress (char- 
aclcristic slrrss) for which Ihc failure probability is 0.632, /i is Ihc sliapc 
paramcler which is a ineasiirc of tlic s l~rc~acl  of brcakdown sircsscs. 

Figure 2. Wcihrill plol ni snmplcs containing 55 t i l  65 it,m hrowc p i s t i -  
CICS. 

Pigurr 2 sliows the Weibull plo l  o l  the breakdowii stress ni tlic satii- 
ples containing bronze parliclcs with a nominal size Ilom 55 Lo 65 Inn. 
The rcsults with control sainplcs arc also presented. The 90% confi- 
dence bounds do no1 overlap, indicating i l iat  Ihc Iwo scls ol d a h  d i l f c r  
signilicaiitly. 'I'lie characteristic sirc. nblaincd arc 4811 kV/iniii for 
contrd sdmplcs aiid 0% kV/nnn l o r  samples rontaininl; bronze yarti- 

Tlic effect o l  different conduciing particles on [lie clcckical perior- 
mance of tlic matcrial was achieved by coai ing glass brads with d i i -  

minuin. Similar characteristic breakdown slress (340 kV/mm) W ~ S  ol i~  
taincd wilh samples conlaining glass bcads (-(io /ril l in diameter) ivitli 
cvaporatcd aluminum coating. 

Glass beads also wcrc embedded into I , I ) I ~  as a non-mctallic inclu- 
sion. Figure 3 slinws the \nipibull plot oI Ihe breakdown data. Sur- 
prisiiigly, tlic characlcrislic stress was 374 kV/mm, nnly sl ight ly liiglicr 
than the value obtained irom aluminnin coated glass bcxls. It diflcrs 
significantly from the control samplcs. 

Examination under a n  optical microscope indicatcd tliat the break- 
down sites in all tcsted samples MWC a t  ilie incliisions. 

A typical inlrarcd (110 spcclrum obtained Iron1 inicsowrIl? for a n  
amber drlect is shown in Pigurn 4. 'I'hc nlnious diffn.cnccs bctwccii 
1.111'1:. and the amber arc tlic lwo absorplion peaks Irmn 011 groups and 
CO groups. The ]~oyulatinn of amber particles in  the I.III+ is rcporicd 

clcs respcclivcly 

+ glass beads 
0 control 

Figure 3. Wi>ibull plot of  snmplcs containing -MI im glass beads. 

(11) Aniber I 
Figure 4. Mirm-l:I,la spcclra of I.III'I: a n d  m b c r .  (a) LIIIT, (b) ainbcr. 

as high ds 4000U/kg [121. Tlicy wcrc coiisidcrcd to be lormcd during 
the ariginal cxlrusion process in I l i c  produciion o i  Ihc graiinlcs and 
rangc i n  size hctwcm l(l and 30 p i  and have various shayrs. There 
was no inxijor diflcrcncc in Llic clcclrical brcakdown slrcnglli bctwcm 
the conirol samples and I l i c  samples conlaining ambers. None of the 
Iailurc sites were at tlic amber dciccts. 

I'igiirc 5 shows the \Vcibull plol of breakdown dah from samples 
containing 100 and Si1 pit capil lary voids. 'The cltaracicristic hrwk- 

136 aiid IR3 kV/nim lor 100 and 50 /[In diameter 
voids, rcsycclivcly 

Comparcii with Ihc cniitrol Sam 11~s il is nolcd that the introduclion 
of the voids reduccd t l ie cliaract breakdown stress significmtly, 
'I'hc rcsulis olitaincd iron1 diffcrcni samples arc summarized i i i  'Mdc 2. 



404 Clrerr ct al.: Tlre irrflrrcirce uf Defects nrr the Shoct-term Rreakduwrr of LDPE Imtrlatiurr 

I 

600 

Figure 5. Weibull plot of samples contaiiiiiig 50 and 100 /on c,ipillary 

Table 2. Chxarlcristic brcakdown slnwgtli lrir samples. 
voids. 

~ 

Tlie shape parameter /i in the Weibull dislributioii rcprcscnts r' 

spread oi tcsi data: tlic higlicr Ihc ,5, tlic tiarrowcr Ihc dala distribu- 
tiou II i5 known gencraly that breakdown, e \ w  in the control sain- 
plcs, is determined by the defects. Whcn the artificial inclusions are a 
contribuliiig lactor, tlic shape parameter will bc decided by tlic dislri~ 
bulioii and tlic s i x  of [lie iiiclusions. I.orvcr valucs of /i iii ihc samples 
conlaining voids inay be associated with Ihc scaltcring 01 P I )  inception 
within the voids. 

ing, the cliaractcristic breakdown stress docs not 
change significantly wilh different conducling parlicles (assuming l l i e  
size is similar). It has sliown in the pcrcolation modcl (131 that a single 
coiidnctiiig defcci will reduce /s,.(o) to $i/i,,(o) (where p is the uol- 
iiiiic fraction oi  tlie parliclr). f lcwusr  tlic inclusions were isolated, in 
the present case lor an  individual deiect ils effect oil breakdown can be 
considered 'is contribulion from a single defect. If we assiimc E, (o)  
is a value taken for control samples, then iplC, (o )  ~ 377 kV/mm, 
which is similar to that obtained from the sainplcs containing comlnct- 
ing particles. 

lions, tlic stress distribulioii is dctcrniincd by thc permittivilies of the 
materials. The permiltivity of the glass is -X, while the pcrinittivily of 
conducting particles teiids lo be infinite. This causes a significant ilil- 
fcrcnce wlicii they arc embedded into Ihc PI' which lias a pcrniittivily 
of -2.25. The stress cnhanccmcni in the sample containing conduct- 
ing particles is higher than [hat in tlic samples contnining glass beads. 
Ilowever, the electric sliess distributiiin undcr d c  condition is deter- 
mined lip the conductivities. The crinductiaity of glass is -1 11 "62 
~ ' m ~ ' ,  while that of the I'I! is -10 ' ' $ 2  %n-'. ~ 1 1 1 ~  conductivity of the 
glass is much higher than that of superclean I.Dl% and its elicct is l io t  
very different from the inclallic incluskiiis. This may explain why the 

in Ilic rasc oi tlic sample coiilaining glass bcads, undc 

ontaining glass bcatls show a similar result to the sample coli- 
laiiiing metallic inclusions. 

Another possible reason l i i r  lorvcr breakdown stress is the poor adlie- 
sion bclwcrn the inorganic me~als or glass and the polymer molecular 
chains, which inay result iii small voids at Ihc intcrf'ice. 'Ihc work car- 
ricd out 011 Ihc same material, but undcr iinlxdsc vollagc condilions, 
dcmoiistrated that the wettability cif mclallic parliclcs has a significant 
cliect on Ihc breakdown stress [I41 

Another factor which could inflnencc the breakdown is Ihc forma- 
tion of irapped charge duc to ~ h c  non-unilorm conductivity [I51 and 
trap silcs a1 tlie inlcrfaccs. l'his charge can cause localiaed slrcss en- 
lionccnicnt leading to lailure initialion. Common lcchniqucs siicli as the 
laser induced pressure propagation (IN') mclhod [Ih] and the pulsed 
clectro,icoustic (I'M) inclhiid [U] would haw great difiiculty in  accu- 
rately measuring the space charge on such a small scale (- 100 /mi), A 
new approach using an 'icoustic lms  1181 inay provide an effective tool 
to iiieasiirc charge build up at defcct b~iiiiidarics. Work usiug such a 
tcchniquc lo monitor charge Irappiiig is in h a n d  and the results rvill be 
reported at a future dale. 

Althnugli a heavily oxiiiizcd I.UI'II shows a dccrcasc in the dc brcak- 
down slress [19], i i i  tlic p rcse i i l  research tlie embedded ambers ilii not 
appear to a i i id  tlic dc brcakdo~vii slress of I,DI? Samples contain- 
ing ambcrs sliiirv similar results l o  llie control samples. I'liis indicates 
that [ l ie amber has no major clfcct on IIIC short-term elcclrical pcrlor- 
mancc. I'liis may be explained by Ihc lac1 l h a l  ambers arc organic and 
conscquciitly disturb the PI! struclure far less than iniirganic mclallic 
porticles. Tlicrcforc no microvoids can be formed. Another possiblc 
reason is that the size of the ambers undei. investigation is iiot largc 
enough to comiietc with other defects within tlic matcri,il. 

For tlic case of voids, the diifercnre in the breakdown ~alucs fo r  lUU 
and 50 / i m  capillary voids is olivious. 'I kc dccrcasc in [i with tlie intro- 
duction Oi a capillary void is consisteiit will1 other inclusions. Alio, in 
l l i c  prcsenl case l l ic dccrease inay be associated rvith the surface dani- 
,igc iiisidc the capillary void causcd by Ihr witlidrawal of Ilie wire used 
to form the void. 

111 the cascofcapillory voids, the localizcd brcakdurvn ( I 'D)  may slort  
from the void when tlir stress within the void exceeds tlic breakdown 
stress of the air and linally leads to a coinpleie iailurc oi the sample. 
Because Ihc void gcuerallp has a much lower breakdown stress l han  the 
l.~)l'l;, the breakdown stress oi the system is delerinined by the behavior 
Oi the void. I n  the case of the inclallic inclusioiis, Ihe brcakdonn inay 
start lrom the interface between an iiiclusiim a n d  the 1,i)i'fi towards [he 
electrodes. The results lroiii electric slrcss cmnputation 1201 indicate 
that an electric stress cnhanccmcni occurs at the interfaces. llecausc 
the I.UI'I:, has a much higher breakdown slress, the breakdown stress 
of tlic system may still be quile high compared Lo samples conlaining 
voids. If a smal l  void is developed due to lack of the adlieskin bclirccn 
yarticlcs and the polymct; tlic brcakdown process inay be similar to 
llint occurring in the sample ctintainiag n large gas wid.  I loivevci; the 
IW inception voltage will bc much higher tlian h i t  icn the large void, 
hencc giving a higher breakdown stress value. 
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ncni I,,, lcxliiig to a pessimistic extrapolation tn low sIrcssi,s. 
11 

Figure 6 .  W h d l  plots of diiicrcnt sni i ipks a g i d  d l  12 I<\/. 

Figure 6 shows tlic \Vcibull ploi for conlrol sanqilcs, Llic s;iinplcs 
containing 50 to 60 /tin inctallic iiiclusions a n d  thc s m p l c s  coniain- 
ing a 50 /mi capillary void, aged at 12 kV Tlic characlcrislic limes to 
failure drc 9018, 'I974 and 2454 11, rcspwlivcly. 'Tlic iiinc i!xponmls i n  
Mkibull distribution arc all above uiiiiy as s l i o w i  in 'iablc 3, indicaling 
a progressive dckriiiration o i  the iiiatcrial [ll]. 'I'lie life curvcs lor llic 
sainplcs conlaining defects arc slinwn iii 1:igurc 7 and the liic cxponeni 
71, values a i id  constank arc given in Table 3. 

Thc iwo coiistdnts 71,  aiid /,: in the i 'c power model arc rclalcd to 
the material. lnilially, il was Ihouglit Iic introduclion of the delccts 
i nk  Ihc polymer niap irducc I l i c  11, wiluc. I h  
blr 3 sl iow lilllc, cliangc will1 liillcrent dcfccts, but the k: valnc docs vary 
in Ihc following ordel.: (conlrol) >k:,,, (iislallic) >I<,, (\mid). Tliiis 
this value alsu is important for dcicsmining the life tinic ni thr material. 
Similar io the sliort~kmn charactrrisiics, tlir liic time ol ihc I . I ~  insu- 
lalion is reduced hy the inlroduciion nl Ilic dcfeck into the material. 
Capillary voids arc found to be more dctriinenlal to Ilic insulation Ih;in 
iiietallic inclusions o i  similar sire. 

As mcnlioncd Iircvinusly, pcior adhcsinn h c l w m i  niclallic iiiclusion 
a n d  polymer i i iay nccur, !villi sinall voids bciiig iorincd between the ill- 
clusions and the polymer matcrial. Iluriui; Ihc eicctiical aging prnccss, 
dcgrad,itionislikclg Lo occur. InLlic case oicontrol samples, i t  liasbccn 
rcporlcd [221 Ilia1 aging a sainplc abouc a critical ficld uiidcr ac, sub- 
niicrocauilics can be formed. 'This condition m y  occur under de as the 
mu\unenl o i  spacc charge can gencratc a n  oscillaling ficld [23]. I f  Llic 
viiids arc rcsponsible for failure, il can be assuincd that the incchanisrn 
of failure is the same for c x h  case, and tlrrn similar II values may be 
reasonablc. 

I<cnianciil life breakdown icsts for Lhc sainplrs aged a t  3 kV a lso  
I V ~ S C  p d n r i i i d  The cbaraclcristic breakdown slresses a n d  /i vdlucs 
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Table 4. Residual stress ol the saiiiplcs agrd lor 2.5 yr. 

s~1Sliirin~liisiO~~ij ;3,, 1:171 I Lt j 7.C I I voiils 5fliJnr I # , I  I !IN , A 0  - ~ ~ ~ ~ -  
arc summaiized in Table 4. By comparing Ihc 'cliaractcrislic slrcss' V~II- 
lies heforc a n d  after aging, i t  can be sccii that the samples aged at a 
voltage of 3 k V  for 2.5 yr has iio major efiecl o i l  Ihe mdlerial, cvc i i  il il 
conlains si i ia l l  defects. It has bccii suggested 1241 Ilia1 lif<diiies sliould 
have a stress tliieshold appiopriatc l o  the material, and it is possiblc 
that t i e  results frnm tlic remanent life breakdown tcsts do indicatc a 
Ihrcshold stress. Although it is diilicully l o  pinpoint tlic exact valucs 
01 (lie threshold slrcss tor h e  samples tcstcd, it is (air to say thal llic 
tlircshold strcss is >25 kV/min fiir conlriil samples, 18.75 kV/mm for 
11ic samples containing metallic inclusion, and 10 kV/inm foi Ilic saiii- 

plcs cotitaiiiing voids. 

4 SAMPLE CHARACTERIZATION 
AFTER AGING 

In order IO obt,iin informalion regarding possible aging mechanisms, 
optical microscopy and II< spectroscopy also were carrird nul on Ihc 
matcrial around tlic dcicct drca. 

Figure 8. A M u r e  silc ill ,i snmplc cmlaining inctallic incliisiniis whcrr 
oxidation l i ,~  bum iicvcliipcd (niag 7oX). 

Thc samkilcs ~rc rc  cleaned with nicthaiiol to icniovc the alominiini 
electrodes and then dried. All failure sites WCIP located on l l ic  niclallic 
particlcs in ilic polymer. IIec,iusc of the poivci d i i s ip ied  during tlie 
failure of (lie samples, excessive damage riccurred at tlie breakdown 
site, niaking it difficult to drtcrminc the lailurc cause. IIowcvcr, in 
sonir instances it was possible to limit tlic damage. t'igurc 8 illusiratcs ,I 
failut,e site where oxidation occurred; the ahmimini elcclrodcs arouiid 
tlic iiiclusioii were iemoved due to Ihc local heat gaicratrd. Aruund 
11ie iailure sile 11ic material was yelloa in color bul diflcrcd from ilia1 
of 'ambers'. NI, dislinct edge can be found as in  ambers, and thc color 
cliangcd gvaduallg from dark brown i n  Ihc cciilcr til that 01 tlic nor- 
mal   PI^ color, In addition, multi-iailnrc sites were obscivcd and Iiarliai 
dainagc  vas also found i n  sevcral samplcs. 

Multi-lailure silcs iverc observed also. It is iioliccd that Ihc capillary 
void iicar tlie iailurc site had becii damaged, prcsuniably due to 1'1) 

b r i m  h e  failure. 

The failure si& again wcrc loca~cd on tlic capillaiy void in all 

n'avenumkr C I ~  

Figure 9. 111 spectrum of t l s  asm s h w i  in  Figure R (agcd ,iI 6 kV lor 
2350 I,). 

I I ~  slmtioscopy has been used extensively in polymer degradalion 
research as a tool lor exmining structure changes and identifying Ihc 
lunclional groups prcsent. Figure 9 shows a n  II< spectrum oi the sainplc 
containing inclallic paiticlcs. Ilic area cxamincd arouiid the inclusioii 
is the same as thal slloivn in Figure 8. 'Ilic absorplioii at t lv  1717 ci i t? 
band is quilc obvious a n d  indicates oxidative degradation (C=O) in 
the material. The peak a l  lhc 1640 c d  band i s  the indication of C=C 
doublc bond. As mcnlioncd in tlic previous Section, a tiny void can be 
developed due to the adhesion, cvcn during tlic a& process. As a 
consequciicr 1'1) can occur, which will lead cvciitiially to a degradation 
aud iailiirc d tlic material. 

Figure 10. 111 spcclrum of B sample ciinhining voids (,iged at 6 kV for  
8164 11). 

Figure IOshows the ~i<spcclraottlicsamplecontaininga.50/imcap- 
illaiy void after aging. It can br sccn that oxidation liad occurred alter 
836$ h aged at 6 kV. Apart from the absorplioii peak at llie 1717 c d  
band, a strong absorption peak at 1640 cni? appearid, which indicates 
the cxxistmce of C-C double bonds. The c a w  of Ihc oxidalive, dcgra- 
dation may bc due to ru  n h i e  high cncrgy ions bombard tltc internal 
suriace. In the pvcsciicc 01 oxygen, the material will decompose Ilirougli 
clicmical rcactioiis. 

'rite cliangc in I I< spcclrum of Ihc aged control sample also was mon- 
iloicd. Uiilikc the samples coiilainiiig dciccts wlicrc extra peaks intro- 
duced by clcclrical stress clre obvious, only small peaks appeared i n  the 
conliol sample, presumably due to tlic lack of scvcrc stress ci i l ia i icc-  
nie1it. 
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